Abstract. Quadrature multiplexed BOC signal (QMBOC) is a modulation signal adopted by China BDS-3 system and it is a time domain implementation method of MBOC modulation. BDS-3 uses QMBOC modulation to achieve compatibility and interoperability with GPS and Galileo signals. This paper uses the time domain expression of QMBOC signal to generate QMBOC signal in real time based on FPGA. The generator mainly includes four modules: clock management module, code generation module, carrier generation module and subcarrier generation module. By adopting a unified system clock and precise phase control, the phase relationship between the real part and the imaginary part of the QMBOC signal is ensured, and the strict alignment among the subcarriers, the primary code, the secondary code and the carrier is achieved. The results show that the method for real-time generation of the QMBOC signal is relatively simple, occupies less resources, and is easy to implement in engineering. The real-time generation of the QMBOC signal not only provides a module design reference for the baseband signal processing of the receiving terminal, but also provides a test signal for the signal reception.
Introduction
In the field of satellite navigation, navigation signals play an important role in satellite navigation and positioning. The literature [1] introduced the characteristics of BOC modulation, and proposed a BOC signal generation method. The literature [2] designs and realizes the MBOC digital intermediate frequency signal according to the MBOC modulation theory, and compares the result with the theoretical simulation. Literature [3] proposed an efficient generation method for multi-channel realtime generation of Weil codes. At present, there are few literatures that study QMBOC signals from the perspectives of resource conservation, real-time performance, and engineering ease of implementation. The real-time generation of QMBOC signals not only provides a reference for module design of the receiving terminal baseband signals, but also can be used for signal reception processing.
QMBOC Signal Modulation Principle
The generation of QMBOC modulated signal components is not only different from time division multiplexing of GPS systems, but also different from spatial superposition of Galileo systems. Instead, the two components are separately modulated on two orthogonal phases of the carrier. When the system has both data and pilot components, these two components can be distributed in different proportions according to actual needs [4] . The baseband signal of the QMBOC signal can be expressed as:
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When the imaginary part of the above equation is positive, it is called forward QMBOC, and when the imaginary part is negative, it is called inverse QMBOC. The corresponding autocorrelation function is:
2) The real part uses BOC (n, n) modulation [5] . The imaginary part uses BOC (m, n) modulation. The whole QMBOC modulating signal mainly involves BOC modulation, real-time generation of pseudo-code, and carrier generation. Figure 1 shows the power spectrum function and autocorrelation function diagrams of common BOC and MBOC modulation signals [6] . As can be seen from Figure 1 , the power spectrums of TMBOC, CBOC and QMBOC are approximately the same, but the peaks of TMBOC and QMBOC power spectrum are slightly higher than those of CBOC at ±1.023 MHz and ±6.138 MHz, but the autocorrelation function main peaks of TMBOC and QMBOC signals are even higher and Sharper, which is also conducive to the signal capture and tracking to a certain extent.
From [4] we can see that the implementation of the QMBOC signal is more flexible than the CBOC modulated signal [7] . It is also compatible with the TMBOC modulation signal in [7] . The TMBOC and QMBOC have the same frequency general density and autocorrelation function. The autocorrelation function of the QMBOC modulation signal does not have the cross-term of the CBOC modulation.
In Figure 2 , the clock management module uses the phase-locked loop to unify the external reference clock to a system clock. Each module can use the system clock to implement the function of each module according to actual needs.
QMBOC Signal Generation Design
According to the QMBOC signal expression (1), we can divide the entire QMBOC signal generator into four modules, the clock management module, the code generation module, the carrier generation module, and the subcarrier generation module. Figure 2 shows the block diagram of the QMBOC signal real-time generator. 
Clock Management Module
In order to manage the clock, a 20 MHz external reference clock is changed to 60 MHz through a phase-locked loop, and the 60 MHz clock is used as the system clock of the entire system. In order to manage the clock, a 20 MHz external reference clock is changed to 60 MHz through a phase-locked loop, and the 60 MHz clock is used as the system clock of the entire system. Each module's clock is divided or multiplied by the system clock. The entire QMBOC signal generator operates under this system clock. Figure 3 shows a block diagram of the clock management module. 
Pseudo Code Generation Module
Pseudo code is generated by Weil codes. It is a key element of QMBOC signal generation. Its generation method can be described as follows: A Weil code sequence with length N is defined as:
is a Legendre sequence with a code length of N; ∆∅ represents the phase difference between two Legendre sequences. L (i) can be generated according to the following definition: Where, mod is a modulo division operation. From equation (3), we can see that the Weil codes are generated based on the XOR operation of the Legendre sequence and the shifting Legendre sequence. The sequence length of the Weil code is a prime number M, and different shift order values can generate different Weil codes.
Next, on the basis of generating the Legendre sequence, a Weil code sequence can be further generated.
Carrier Generation Module
The generation of subcarriers can be achieved by DDS (Direct Digital Synthesizer). The block diagram of its operation is shown in Figure 4 . It is mainly composed of frequency control word, phase register, adder, sine lookup table, D/A converter and low-pass filter.
In Figure 4 , and are the input and output frequencies of the DDS respectively. Under the action of the reference clock, the adder adds the frequency control word to the accumulated phase data in the phase memory for each clock f_s. The resulting phase is intercepted from the high bit to generate the corresponding address input for the sine look-up table RAM. The sine lookup table contains the digital amplitude values of a period sine wave. Each address corresponds to a phase point of 0 to 360 degrees of the sine wave, and the corresponding amplitude code is output. The amplitude code is finally processed by a D/A converter and a low-pass filter to generate the desired subcarriers. (6) The above-mentioned DDS module can be used to generate the desired subcarriers. Since the floating-point operation in the FPGA is complicated, the frequency control word needs to be rounded in order to simplify the calculation.
Subcarrier Generation Module
The subcarriers are generated by dividing the frequency of the system clock through the phase-locked loop, and adopt a method of strictly controlling the timing to generate a constant-period square wave, and their clock start times are all strictly aligned. Specifically, after the frequency control word is obtained from Equation (6), the phase accumulator cumulative value can be further obtained. To obtain the final frequency, the phase accumulation value needs to be sent to the comparison determiner, and then the judgment result is changed to binary codes to generate an arbitrary subcarrier frequency at a fixed reference clock. The phase relationships of the real, imaginary and internal parts of the QMBOC signal are: a) Strict alignment of carriers, subcarriers, primary codes, and secondary codes in real parts; b) Strict alignment of carriers, subcarriers, primary codes, and secondary codes in imaginary parts; c) The real part and the imaginary part should also be strictly aligned. Align the components of the QMBOC signal by controlling the system clock and precisely controlling the phase.
QMBOC Signal Simulation and Real-time Generation
After the alignment of the components of the QMBOC signal is completed, the real and imaginary components are generated in real time. According to the expression (2), the generation of QMBOC signals is relatively simple in software generation. In terms of hardware implementation, the hardware is much more difficult. Because the two component coefficients of the QMBOC signal are irrational numbers, it is necessary to perform equal multiple amplification and rounding. Figure 5 shows the results of real-time generation of the QMBOC signal based on the hardware and software modulation process. The IF carrier frequency is set to 8 MHz. The sampling frequency can be as long as the sampling theorem is satisfied. Here, the sampling frequency is 50 MHz. From Fig.5 to Fig.7 , we can see that the spectrum of the QMBOC signal is the signal of BOC (1, 1) superimposed on the BOC (6, 1) signal at 6.138 MHz according to the results of simulation and on-line generation. The corresponding power spectrum amplitude has also been increased, resulting in correct results. This result can also be verified from equation (2) .
Conclusion
Based on the QMBOC modulation principle, this paper completes the design of the QMBOC signal generation module, and uses MATLAB to implement software simulation of the QMBOC signal. From the viewpoint of resource saving and real-time performance, the Legendre sequence is generated by software and stored in ROM, and the Weil code sequence is generated in real time based on the generated Legendre sequence. By adopting a unified system clock and precise phase control to ensure the phase relationship between the real part and the imaginary part of the QMBOC signal and the strict alignment among the subcarriers, primary code, secondary code and carrier, the realtime generation is finally realized.
The software generation and actual hardware generation results are consistent with the QMBOC signal theoretical waveforms, and the method for real-time generation of the QMBOC signals is relatively simple, occupies less resources, and is easy to implement in engineering. The real-time generation of the QMBOC signal not only provides a module design reference for the baseband signal processing of the receiving terminal, but also provides a test signal for the signal reception.
